The lateral diffusion of a fluorescent phospholipid probe in oriented multibilayers of dimyristoylphosphatidyicholine has been measured by observing the redistribution of fluorescence after photobleaching of the membranes in a periodic pattern of parallel stripes. The diffusion constant D of the fluorescent lipid was found to vary between 1.5 X 10-11 cm2 sec at 9.60 and 2.0 X 10-10 at 22.50 in the monoclinic phase. The relationship between the composition, distribution, and motion of cell surface components and cell function is one of the major challenges of modern molecular biology. Attempts to relate lateral motion and function have been made for intact cells (1-5) as well as for model membranes having specific, well-delineated functions (6) (7) (8) . Two of these studies (6, 7) included an attempt to relate the lateral mobility of haptens in model membranes to the degree of complement depletion. Because the rate of lateral diffusion of phospholipids in the "fluid" state of phosphatidylcholines has been well known from early studies using spin labels (9-12) as well as more recent photobleaching methods (13, 14) , the initial goal of the present work was to obtain the diffusion constants of lipids in the "solid" phase of phosphatidylcholines; if low enough, such diffusion constants could play a critical role in limiting complementmediated attack on such membranes. The elegant experiments by Wu et al. (13) clearly demonstrated a precipitous decrease in the diffusion constant of a lipid probe in dimyristoylphosphatidylcholine at the transition temperature but did not yield a diffusion constant in the lower temperature phases, a quantity of central importance in our study.
The relationship between the composition, distribution, and motion of cell surface components and cell function is one of the major challenges of modern molecular biology. Attempts to relate lateral motion and function have been made for intact cells (1) (2) (3) (4) (5) as well as for model membranes having specific, well-delineated functions (6) (7) (8) . Two of these studies (6, 7) included an attempt to relate the lateral mobility of haptens in model membranes to the degree of complement depletion. Because the rate of lateral diffusion of phospholipids in the "fluid" state of phosphatidylcholines has been well known from early studies using spin labels (9) (10) (11) (12) as well as more recent photobleaching methods (13, 14) , the initial goal of the present work was to obtain the diffusion constants of lipids in the "solid" phase of phosphatidylcholines; if low enough, such diffusion constants could play a critical role in limiting complementmediated attack on such membranes. The elegant experiments by Wu et al. (13) clearly demonstrated a precipitous decrease in the diffusion constant of a lipid probe in dimyristoylphosphatidylcholine at the transition temperature but did not yield a diffusion constant in the lower temperature phases, a quantity of central importance in our study.
In our new technique, an image consisting of alternating bright and dark stripes is projected into a sample to establish, by photobleaching of fluorescent probe molecules, a periodic variation of fluorescence intensity as a function of position. Observation of the subsequent redistribution of fluorescence intensity in the sample yields information about the motion (e.g., diffusion) of the probe molecules.
THEORY AND APPARATUS
As a simple model, we consider the diffusion of fluorescent probe molecules confined to a two-dimensional surface. Photobleaching of the probe molecules by light in a periodic pattern of parallel stripes produces a corresponding periodic variation in the concentration (C) along the direction (x) perpendicular to the direction (y) of the stripes. Therefore, ?C/?by = 0, and we need only consider diffusion of fluorescent molecules in the x direction. The diffusion equation is IC(xt) = DM2C(Xt) ait oX2 [1] D is the diffusion coefficient of the probe molecule in the sample. The initial conditions after photobleaching are C(x,0) = A + B sin ax + E sin 3ax + F sin 5ax +.... [2] The parameters A, B, E ... are determined by the concentration of the probe prior to the bleaching burst of light, the duration and intensity of the bleaching burst, and the contrast and resolution of the stripe image in the sample. The parameter a is the spatial frequency of the pattern and is equal to 2wr/P in which P is the period of the pattern. The solution to Eq. 1 satisfying the initial conditions given by Eq. 2 is C(x,t) = A + Be-Da2t sin ax + Ee-9Da2t sin Sax + Fe 25a2t sin 5ax +.... [3] Eq. 3 states that the period of the striped pattern remains constant and that the amplitude of the pattern decays with time. Because the higher spacial frequency terms decay much more rapidly than the second term, the concentration can be described after a time t > 0.1/Da2 by only the first two terms of Eq. 3. In other words, regardless of the extent to which the initial pattern approximates a square wave, the pattern quickly becomes sinusoidal with an amplitude that decays as a single exponential. The diffusion coefficient D can then'be calculated from the measured time constant r of this decay, D = 1/a2r. [4] The apparatus for this experiment consists of a laser, a microscope equipped for photomicrography, and optics for directing the laser beam through a Ronchi ruling into the microscope. The laser was a Spectra Physics model 164-03 argon-ion laser. The microscope was a Zeiss photomicroscope III with epifluorescence condenser IIIRS. The Ronchi rulings consisted of evenly spaced opaque parallel lines on a transparent Abbreviation: NBD-PE, N-4-nitrobenz-2-oxa-1,3-diazole phosphatidylethanolamine. * To whom reprint requests should be addressed. 2759
The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. real-image plane of the microscope optical system-i.e., a plane onto which the microscope projects a real image of the sample. Thus, a real image of the ruling, illuminated by the laser, is projected onto the sample by the microscope objective. Fig. 1 is a diagram of this optical arrangement. The laser beam can be directed into the microscope either through the epifluorescence condenser or through an accessory camera port on the top of the. microscope. We have tried both arrangements but have used the former for most of these experiments in order to leave the accessory camera port available for an image-intensifier. The ruling is mounted on a sliding holder attached to the epifluorescence condenser which allows it to be removed from the optical path after the photobleaching burst and be replaced by an attenuator for uniform illumination of the sample for photography. An image intensifier tube (NI-TEC, Inc.) is mounted on the accessory camera port. This tube amplifies low-intensity images to allow photography of weakly fluorescent samples at levels of excitation low enough to avoid undesirable photobleaching.
MATERIALS AND METHODS
Phospholipids. Dimyristoylphosphatidylcholine and dipalmitoylphosphatidylcholine were purchased from Sigma. These compounds contained no impurities as determined by thin-layer chromatography on silica gel G with chloroform/ methanol/concentrated acetic acid/water, 70:30:2:3 (vol/vol). Purity of the fatty acid in these compounds was verified by gas/liquid chromatography of the fatty acid methyl esters. 12 hr; then, a cleaned 1.8-cm-square microscope cover glass was placed over the lipid film and the slide was returned to the 450 water-saturated atmosphere for another 12-24 hr. The slide was placed on a metal block at 400, and a ground flat 40-g weight was placed on the cover glass for 5 min. The edges of the cover glass were sealed to the slide with paraffin to prevent dehydration of the sample during experiments. Samples were stored in a water-saturated atmosphere at room temperature.
Multilamellar dipalmitoylphosphatidylcholine liposomes
containing approximately 1 mol% of the fluorescent probe NBD-PE were made in phosphate-buffered saline by the method of Brulet and McConnell (6) .
Diffusion Coefficient Measurements. The 476.5-nm wavelength laser line was used for all photobleaching experiments. For measurements on the multibilayer samples, the laser was operated at the maximum obtainable power, approximately 750 mW. Stripe periods of 4 to 22 ,m were used to measure diffusion coefficients in the dimyristoylphosphatidylcholine multibilayer samples, with X40 and X10 objectives. The stripe period was varied roughly inversely with the change in diffusion coefficient with temperature so that the time required to perform the measurements would be in the convenient range of 100-600 sec. Each measurement was made as follows. The sample was examined under differential interference contrast, and a uniform, defect-free region was selected. The region was also examined between crossed polarizers to be sure that it had the uniform, dark appearance characteristic of a properly oriented multibilayer. The FIG. 5 . Fluorescence photomicrograph of an azide-treated single murine EL-4 tumor cell labeled first with H-2b alloantiserum followed by fluoresceinated rabbit anti-mouse antiserum. The photomicrograph was taken immediately after stripe bleaching. Prior to bleaching, the patched pattern seen in the unbleached areas was randomly distributed over the entire cell surface. The cell was photobleached with a stripe period of 3.6 Mm. the film was developed at an ASA speed rating of 8000 with Kodak DK-50 developer and Factor 8 speed additive. For the image-intensifier photographs, the film was developed as recommended by the manufacturer with DK-50 (ASA 1000). Optical density versus exposure curves for the film and for the film-intensifier combination were determined with a Kodak calibrated step tablet.
Film Analysis. Optical density as a function of position on the film was measured on a Transidyne General RFT scanning densitometer. The response of the densitometer was calibrated against the same calibrated step tablet used to determine the film response curves.
* Data Reduction. The film response curves were used to convert optical density of the film to relative exposure of the film as a function of position. Exposure of the film was assumed to be directly proportional to the concentration of the unbleached fluorescent probe molecules in the sample. The logarithm of the amplitude of the sinusoidal variation of concentration as a function of position in each photograph was plotted as a function of the time at which the photograph was taken, and linear regression was performed to find the time constant for decay of these amplitudes.
Stripe Period Measurements. A stage micrometer was used to calibrate the magnification of the microscope in the photomicrographs. The periods of the stripes were than calculated from measurements on the film. We estimate these measurements to be accurate to within 1% for the X10 objective, 2% for the X40 objective, and 5% for the X63 objective. RESULTS AND DISCUSSION Fig. 2 is a fluorescence photomicrograph of an oriented multibilayer sample of dimyristoylphosphatidylcholine containing 0.5 mol% phospholipid fluorophore NBD-PE, the photomicrograph being taken 13 sec after a laser bleach lasting approximately 0.1 sec. The amplitude of the periodic fluorescent pattern decays with a time constant equal to 550 sec, as illustrated in the series of densitometer tracings shown in Fig.   3 .
Plots of the logarithm of peak-minus-valley fluorescence intensity differences showed a simple exponential decay, typically for a range of two time constants. The conformity of the decay to a single exponential during the observation period used is consistent with the theoretical discussion presented above and the assumed linearity of fluorescence intensity with concentration. For additional discussion of the properties of NBD-PE, see Wu et al. (13) . Diffusion coefficients measured in four separate multibilayer samples as a function of temperature are displayed in Fig. 4 . The slope of the straight line in Fig. 4 corresponds to an "activation energy" of 36 kcal/mol (151 kJ/mol), an energy so large that it clearly does not represent a single molecule activation energy. From studies by freeze-fracture electron microscopy and x-ray diffraction it is known that one dimension of the monoclinic unit cells of phosphatidylcholines is on the order of 100 or more A (17, 18) . The In connection with the experiments on complement depletion to be discussed below, we also made preliminary measurements of the lateral diffusion of NBD-PE in dipalmitoylphosphatidylcholine liposomes in the temperature region near 320 [close to the LO'-Pf phase transition temperature (17) ]. The diffusion constant was found to be of the order of 10-11 cm2/sec.
In previous work (6, 7) it was found that, at low hapten surface densities, complement depletion by hapten-sensitized liposomes was substantially more efficient in fluid liposomes (dimyristoylphosphatidylcholine at 320) than in solid liposomes (dipalmitoylphosphatidylcholine at 32°). It was suggested that one source of this difference might be differences in the lateral mobilities of the haptens in the two membranes (6) . Although the present work demonstrates that the differences in these mobilities are indeed substantial, the diffusion constant of the haptens in the dipalmitoylphosphatidylcholine liposomes is still so high that it is difficult to imagine that this diffusion can be rate-limiting for complement activation. This conclusion is now in complete accord with the recent results of Parce et al. (19) who have reported that Clq binds equally well to hapten-sensitized fluid and solid lipid vesicles.
The present results are also in accord with previous extensive studies of lateral phase separations in binary mixtures of phospholipids in that the spin-label, freeze-fracture, and calorimetric data indicate that the derived phase diagrams describe states of solid and fluid phase thermodynamic equilibria, requiring appreciable lateral diffusion in the solid phases (20) (21) (22) (23) .
The present pattern bleaching technique can also be used for studies of molecular motion in cells-for example, motion of plasma membrane components. Fig. 5 shows an azide-treated (H-2b) murine tumor cell labeled with anti-H-2b alloantiserum followed by fluoresceinated rabbit anti-mouse IgG. The spatial bleaching period is 3.6 um. In such cells, redistributions of membrane components such as the patches seen in Fig. 5 are readily observed (to be reported in detail elsewhere in collaboration with W. Clark).
Note Added in Proof. It is possible that the lateral mobilities of antibodies specifically bound to lipid haptens in solid and fluid membranes are not simply related to the ratios of the diffusion constants of the individual lipid haptens in these membranes.
